Abstract The bipolar kinesin-5 motors perform essential functions in mitotic spindle dynamics. We previously demonstrated that phosphorylation of at least one of the Cdk1 sites in the catalytic domain of the Saccharomyces cerevisiae kinesin-5 Cin8 (S277, T285, S493) regulates its localization to the anaphase spindle. The contribution of these three sites to phospho-regulation of Cin8, as well as the timing of such contributions, remains unknown. Here, we examined the function and spindle localization of phospho-deficient (serine/threonine to alanine) and phospho-mimic (serine/threonine to aspartic acid) Cin8 mutants. In vitro, the three Cdk1 sites undergo phosphorylation by Clb2-Cdk1. In cells, phosphorylation of Cin8 affects two aspects of its localization to the anaphase spindle, translocation from the spindle-pole bodies (SPBs) region to spindle microtubules (MTs) and the midzone, and detachment from the mitotic spindle. We found that phosphorylation of S277 is essential for the translocation of Cin8 from SPBs to spindle MTs and the subsequent detachment from the spindle. Phosphorylation of T285 mainly affects the detachment of Cin8 from spindle MTs during anaphase, while phosphorylation at S493 affects both the translocation of Cin8 from SPBs to the spindle and detachment from the spindle. Only S493 phosphorylation affected the anaphase spindle elongation rate. We conclude that each phosphorylation site plays a unique role in regulating Cin8 functions and postulate a model in which the timing and extent of phosphorylation of the three sites orchestrates the anaphase function of Cin8.
Introduction
Chromosome segregation during mitosis is mediated by the dynamics of the mitotic spindle, a microtubule (MT)-based bipolar structure. Two types of MTs exist within the mitotic spindle, namely kinetochore MTs, which are captured at their dynamic plus-ends by kinetochores and control chromosome movement within the spindle [1] , and interpolar MTs, which span the two spindle pole bodies (SPBs) and overlap in the middle region of the spindle, the midzone. Kinesin-5 motor proteins perform essential roles in mitotic spindle dynamics, such as assembly of the mitotic spindle, maintenance of the spindle structure and spindle elongation during anaphase B [2] [3] [4] [5] [6] . Kinesin-5 motors are unique, in that they function as homo-tetramers, with two catalytic motor domains being found on each pole of a double-coiled coil rod [7] [8] [9] [10] . This unique structure enables kinesin-5 motors to perform their essential mitotic functions, specifically to crosslink and slide anti-parallel microtubules apart at the spindle midzone [11, 12] . Saccharomyces cerevisiae express two kinesin-5 homologs, Cin8 and Kip1, which perform partially overlapping functions, with at least one required for spindle assembly [13, 14] . However, Cin8 but not Kip1 was found to be essential for spindle assembly Electronic supplementary material The online version of this article (doi:10.1007/s00018-017-2523-z) contains supplementary material, which is available to authorized users.
at elevated temperatures [2, 15] . In addition, Cin8 was shown to be crucial for anaphase progression [15] [16] [17] [18] , destabilization of interpolar MT plus ends [19] and kinetochore clustering [20] [21] [22] .
Numerous studies have indicated that kinesin-related motor proteins are regulated by phosphorylation by several protein kinases, including glycogen synthase kinase-3b (GSK3b), Jun N-terminal kinase (JNK), cyclin-dependent kinase 1 (Cdk1) and Aurora A/B, polo kinase 1 (reviewed in [23] [24] [25] [26] [27] ). However, the position, effect and mechanism of such phospho-regulation varies among the different kinesin-related motors [28] [29] [30] [31] [32] [33] . One of the best-characterized kinesin motors is the axonal transporter kinesin-1, which mediates the transport of vesicles and organelles in neurons. Phosphorylation in the kinesin-1 light chain inhibits, either directly or indirectly, the ability of kinesin-1 to bind its cargo [34] [35] [36] . In addition, kinesin-1 is phosphorylated in its motor domain by p38 kinase and JNK, resulting in its reduced attachment to MTs [37] [38] [39] [40] [41] . Another well-studied kinesin is the MT-destabilizer kinesin-13, better known as mitotic centromere-associated kinesin (MCAK). Phosphorylation of MCAK by several major kinases has been reported in a range of organisms, revealing a complex network of regulation. MCAK is phosphorylated by Aurora B at several sites in its catalytic motor domain, affecting its localization and function [42] [43] [44] [45] [46] [47] [48] . Also, a specific site in the motor domain of Drosophila MCAK (S573) was found to be phosphorylated by casein kinase 1 alpha, which regulated the timing of MCAK activity in meiosis and mitosis [47] . Finally, phospho-regulation of the motor domain of Xenopus laevis MCAK by Cdk1 was found to promote release from centrosomes, thus regulating spindle formation [49] .
Kinesin-5 motors have been also shown to undergo phospho-regulation in a number of organisms. The X. laevis kinesin-5 Eg5 was found to be associated with and phosphorylated by the Aurora-related protein kinase pEg2 [50] . Phosphorylation of a conserved BimC box motif at the C-terminus of kinesin-5 motors from X. laevis, Drosophila melanogaster and human by Cdk1 was found to positively regulate their interactions with MTs [5, [51] [52] [53] . In Caenorhabditis elegans, the kinesin-5 BMK-1 lacks the BimC box motif, however, phosphorylation at an analogous site by Aurora B kinase was found to recruit BMK-1 to mitotic and meiotic spindles [54] . Nevertheless, several kinesin-5 homologs, such as Cut7 and Cin8, were found to be exceptions, having no direct effect on interactions with MTs as a result of phosphorylation in the C-terminal domain of these kinases [55, 56] . Although it was initially established that kinesin-5 motors are phopho-regulated at their C-terminal tail domain [4, 50, 53, [57] [58] [59] , Cin8 and KLP61F were found to be phospho-regulated at their catalytic motor domain. The Drosophila kinesin-5 KLP61F was found to be phospho-regulated by Wee1 at three tyrosines found in the motor domain, with such regulation being essential [60] . On the other hand, S. cerevisiae Cin8 contains five putative Cdk1 phosphorylation sites, three of which are located in the N-terminal catalytic motor domain and two in the stalk and tail region [61] . We previously demonstrated that Cin8 is mainly regulated by phosphorylation of the three sites located in the motor domain [56] . We reported that phosphorylation at these sites affected the Cin8 localization to the mitotic spindle during anaphase B. Furthermore, we showed that a phospho-mimic mutant of Cin8 exhibited reduced binding to spindle MTs and impaired viability [56, 62] . This notion was recently supported by Roccuzzo et al., who demonstrated that in the absence of the activity of the Cdc14 phosphatase that dephosphorylates modified Cdk1 sites, Cin8 must carry phospho-deficient mutations of the Cdk1 sites in its catalytic domain for proper spindle elongation. Interestingly it was found that phosphorylation of the midzone organizing protein Ase1 [63] by Cdk1 inhibited the interaction of Cin8 with interpolar MTs [64] , revealing the complex regulation of Cin8 spindle localization.
Two of the three Cdk1 phosphorylation sites in the motor domain which are implicated in regulation of Cin8 (i.e., S277 and T285) are located in a large 99 amino acidlong insert in loop eight that is unique to Cin8 [65, 66] . At the same time, the third site (S493) is conserved among most kinesin-5 motors [62] . Despite the well-established collective role of these three sites in Cin8 phospho-regulation, the contribution and influence of each individual site remains unknown. In the current work, we sought to dissect the mechanism of phospho-regulation at these sites by quantitatively examining the phenotypes of cells expressing Cin8 variants that carry single phospho-deficient mutations at each site. We show that phosphorylation of Cin8 affects two separate aspects of Cin8 localization to the spindle during anaphase, namely the release of Cin8 from the near-SPB region and its subsequent translocation to the interpolar spindle MTs, as well as release of Cin8 from interpolar MTs and the midzone. We further show that phosphorylation at the three Cdk1 sites in the Cin8 motor domain differentially affects these two aspects of phospho-regulation. Phosphorylation at S277 and S493 caused translocation of Cin8 from the near-SPB region to spindle MTs, while phosphorylation at T285 and S493 caused the release of Cin8 from spindle MTs. Phosphorylation at S277 is likely to occur first, as the phosphodeficient mutation at this site abolished translocation of Cin8 from the SPB region to the spindle MTs, along with the resulting release of Cin8 from the spindle. Based on these results, we propose a model for the function and timing of phosphorylation of each of the Cdk1 sites in the catalytic domain of Cin8.
Results
To study the roles of the different Cdk1 sites in the catalytic domain of Cin8 in regulating Cin8 function, we first performed phosphorylation assays to evaluate whether Cdk1 can phosphorylate the individual sites in vitro. For this purpose, in vitro phosphorylation of bacterially expressed motor domains of Cin8 variants by Clb2-Cdk1 was performed as previously described [56] . Five Cin8 variants were examined in which serine (S) or threonine (T) residues in the Cdk1 sites were changed to alanine (A). The following versions of Cin8 were tested: wt Cin8; Cin8-S277A T285A S493A (Cin8-3A); Cin8-T285A S493A; Cin8-S277A S493A; and Cin8-S277A T285A. In each double phospho-deficient mutant, only one of the three motor-domain phosphorylation sites was left active and could undergo phosphorylation. As can be seen (Fig. 1) , the Cin8-3A mutant, in which all of the Cdk1 sites were removed, exhibited the lowest level of phosphorylation, likely due to non-specific phosphorylation at non-Cdk1 sites. The intensity of the phosphorylation band of wt Cin8 was the highest. The intensities of the phosphorylation bands of the double phospho-deficient mutants were intermediate, indicating that each of the three sites is accessible to Clb2-Cdk1.
Based on these results, we next sought to define the contributions of the different Cdk1 sites in the catalytic domain of Cin8 to its regulation. We compared the spindle localization of Cin8 phospho-deficient variants tagged with three tandem copies of green fluorescent protein (Cin8-3GFP) in which the target serine or threonine in one of the three Cdk1 sites in the motor domain was mutated to alanine ( Fig. 2; Fig. S1 ). Consistent with our previous report [56] , we found that wt Cin8 localized near the SPBs and spindle MTs in early mid anaphase, later detaching from the spindle, resulting in diffuse localization of the protein in the divided nuclei. Since Cin8 was reported to be a bidirectional motor [67, 68] , its minus-end-directed motility likely led to clustering of Cin8 at the minus-ends of the MTs near the SPBs [69] while its plus-end-directed motility may be responsible for its enrichment at kinetochores [22] and/or short kinetochore MTs [20] . We refer to this localization as ''near-SPB''. In contrast to wt Cin8, the phospho-deficient Cin8-3A variant concentrated near the SPBs and at the midzone and did not detach from the spindles ( Fig. 2i, ii; Fig. S1 i, ii), indicating that phosphorylation of at least one site in the Cin8 catalytic domain is required for its detachment from the near-SPB region and spindle MTs [56] . Analysis of the spindle localization of the different variants revealed significant asymmetry between Cin8 localization near the two SPBs (Fig. S2) , with the bud-SPB having a more concentrated and higher intensity fluorescence signal, as compared to the mother SPB (Fig. S2, arrows) . The less bright and concentrated fluorescence signal at the mother SPB was often correlated with more diffusive localization of Cin8-3GFP in the mother cell nucleus ( Fig. 2i; Fig. S1 i, white arrow). It has been previously reported that during anaphase, Cdk1 is distributed asymmetrically between the two nuclei, and is present at higher concentrations in the mother cell [70] . Therefore, our data suggests that at least some of the asymmetry seen in Cin8 localization near the SPBs could be caused by Cin8 phosphorylation.
Comparing the spindle localization of single phosphodeficient mutants revealed that the Cin8-S277A mutant, like Cin8-3A, remained concentrated near the SPBs in short, intermediate and long anaphase spindles and became only slightly diffuse around one of the SPBs ( Fig. 2iii ; Fig. S1 iii, white arrow). On the other hand, anaphase spindle localization of the Cin8-T285A and Cin8-S493A Fig. 1 In vitro Clb2-Cdk1 kinase assay of the Cin8 motor domain. a CBB staining and 32 P autoradiograms of SDS-PAGE fractionation of phosphorylation reaction mixtures with five phospho-variants of Cin8: wt; 3A; S277A, T285A; S277A, S493A; and T285A, S493A. The phosphorylation reaction mixture without Cin8 served as negative control. b Qualitative level of phosphorylation. The columns quantify phosphorylation band intensity, as measured on the autoradiogram. The columns are named after the active phosphorylation sites in each mutant; ''None'' refers to Cin8-3A, ''All'' to wt Cin8 Three Cdk1 sites in the kinesin-5 Cin8 catalytic domain coordinate motor localization and… 3397 mutants roughly resembled the pattern of wt Cin8 localization (Fig. 2iv, v) . However, the attachment of Cin8-S493A to the spindle MTs seemed to have increased in intermediate spindles, as compared to wt Cin8 (Fig. S1, v,  arrowheads) . To quantitatively analyze the distribution of Cin8 variants along the anaphase spindles, we performed line-scan-analysis along spindles of various lengths in cells expressing 3GFP-tagged variants of Cin8 (Figs. 3b, 4, 5b; Fig. S3B , S4 and S6D). In all spindles, the fluorescent signal was interpolated and divided into one hundred segments of equal length which allowed us to calculate the average fluorescent signal along the spindle (see ''Materials and methods'' and [71] ). In a line-scan plot, Cin8 fluorescence intensity peaked at about 10 and 90% of the spindle length, reflecting Cin8 localization at the SPBs (Figs. 3b, 4, 5b; Fig. S4 , arrows). The smaller peak at about 50% of the anaphase spindle length represents Cin8 localization at the midzone (Figs. 3b, 4 , 5b; Fig. S4 , arrowhead). Consistent with previous reports, the majority of Cin8 localized near the SPBs in pre-anaphase spindles, resulting in about fourfold higher average Cin8 fluorescence near the poles than at the middle of the spindle ( Fig. 3; Fig. S3 ). With the onset of anaphase, at spindle lengths between 3 and 4 lm, Cin8 binding to spindle MTs increased ( Fig. 4a; Fig. S4A ), resulting in an increase in the Cin8 fluorescent signal at the middle of the spindle, relative to the mother SPB ( Fig. 4a; Fig. S4A ) and consistent with the notion that Cin8 relocates from the near-SPB region to the interpolar spindle MTs. In long spindles, Cin8 mainly concentrated near the SPBs and in the middle region of the spindle, the midzone ( Fig. 4; Fig. S4) . A similar pattern of Cin8 localization was seen in cells expressing wt Cin8-3GFP alone or in combination with tagged spindle-pole bodybinding protein Spc42-tdTomato (Fig. 3) . However, the binding of Cin8 to the midzone was considerably more pronounced in cells expressing Cin8-3GFP with Spc42- Fig. 2 Localization of Cin8 phospho-variants to anaphase spindles. Time-lapse 2D-projected images of anaphase spindle in Cin8-3GFP (wt and phospho-mutants)-expressing cell. Time intervals between frames-60 s. Cin8 and its mutants, indicated on the left, were integrated into a LEU locus in cin8D cells (Table S1 ). All cells are presented with the mother cell at the bottom. Arrowheads indicate the midzone of mitotic spindle; yellow arrows indicate Cin8 concentrated at the SPB, white arrows indicate diffuse Cin8 at the nucleus; m mother cell, b bud cell. Scale bar 2 lm tdTomato than in cells expressing Cin8-3GFP alone (Fig. 3b, c) , indicating that Cin8 detachment from the anaphase spindle MTs was diminished in cells expressing Cin8-3GFP with Spc42-tdTomato. This difference was most pronounced in the long anaphase spindles (Fig. 3b bottom, panels, c), indicating that in cells expressing Cin8-3GFP and Spc42-tdTomato, Cin8 concentrated at the midzone at the end of anaphase, which clearly contradicts previous reports stating that at the end of anaphase, Cin8 detaches from the midzone [56, 64, 71] . Since this discrepancy may result from a genetic alteration in cells containing two mitotic/cell cycle proteins tagged with fluorescent proteins, for reliable quantitative comparison of the phenotypes of the phosphovariants of Cin8, we used cells expressing these variants as the sole tagged protein.
Quantitative analysis of the distribution of the phosphovariants along the spindles revealed that while in pre-anaphase spindles of\2 lm the distribution of the phospho-variants of Cin8 was similar (Fig. S3 ), in the anaphase spindles, significant differences in the localization of the variants were observed ( Fig. 4; Fig. S4 ). The Cin8-3A variant mainly concentrated at the SPBs ( Fig. 4 ; Fig. S4 , arrows) and the midzone ( Fig. 4 ; Fig. S4 , arrowheads), whereas wt Cin8 was also found on spindle MTs of all lengths but mainly in the short and intermediate anaphase spindles. This result indicates that phosphorylation of Cdk1 sites caused translocation of Cin8 from near-SPBs to the spindle MTs. The concentrated localization of the Cin8-3A mutant at the middle region is consistent with the high affinity of this mutant for MTs [56, 62] . It is likely that the increased concentration of the Cin8-3A mutant at the midzone resulted from Cin8 population that was bound to the overlapping MT region prior to the onset of anaphase, or from nascent Cin8-3A that bound to the midzone region, either directly or via Ase1 [64] .
In early anaphase spindles 3-4 lm-long, binding of the Cin8-S277A and Cin8-S493A mutants to the spindle MTs was significantly lower, as compared to wt Cin8 binding, indicating that in these mutants, translocation of Cin8 from the near-SPB region to the spindle MTs was impaired (Fig. 4a) . Interestingly, the midzone localization of the Cin8-S277A mutant was also lower than that of the Cin8-3A variant ( Fig. 4a; Fig. S4A ), suggesting that residual phosphorylation of the intact active sites, i.e. the T285 and/ or S493 sites, was responsible for the detachment of Cin8 b Fig. 3 Quantitative analysis of spindle Cin8 distribution on anaphase spindles during spindle elongation. a Representative images of spindles in cells expressing Cin8-3GFP alone or Cin8-3GFP with Spc42-tdTomato, at the different lengths indicated on the left. Tagged proteins are indicated on the top. Scale bar 2 lm. b Line-scan analysis along the spindle of cells expressing Cin8-3GFP with Spc42-tdTomato (light green and red, respectively) or Cin8-3GFP alone (dark green) at different spindle lengths, as per the representative images on the left. The fluorescence intensity along the spindle (xaxis) is measured from the mother to the bud cell and interpolated to 100 points of equal length. Spindle borders were determined either by the Spc42 fluorescence signal in cell expressing Spc42-tdTomato or by the bright Cin8 signal near the SPB, in cells expressing Cin8 alone. Arrows point to Cin8-3GFP intensity peaks at about 10 and 90% of the spindle length, while the arrowhead points to the Cin8-3GFP intensity peak at about 50% of spindle length. c Relative averaged intensity of Cin8-3GFP at the midzone (see ''Materials and methods'') in cells expressing Cin8-3GFP in the different spindle lengths categories with Spc42-tdTomato (light green) or Cin8-3GFP alone (dark green). Averages ± SEM of 10-20 spindles are shown at different spindle lengths as indicated at the bottom. *P \ 0.05, **P \ 0.005 and ***P \ 0.0005
Three Cdk1 sites in the kinesin-5 Cin8 catalytic domain coordinate motor localization and… 3399 from the midzone region. On the other hand, the spindle distribution of the Cin8-T285A mutant was similar to that of wt Cin8 ( Fig. 4a; Fig. S4A ), indicating that phosphorylation of the T285 site does not control the release of Cin8 from the SPBs in early anaphase. The localization of the S277A mutant along the spindle remained similar to that of the Cin8-3A mutant for all spindle lengths longer than 4 lm examined ( Fig. 4b-d ; Fig. S4B-D) , indicating that phosphorylation at this site is critical for release of Cin8 from the near-SPB location. In intermediate spindles 4-6 lm in length, spindle MT-binding of the T285A mutant increased and became significantly higher than that of wt Cin8 ( Fig. 4b, c; Fig. S4B, C) . Such increased attachment to the spindle was likely caused by release from the SPBs upon phosphorylation of S277 and S493, where phosphorylation may be higher than in wt Cin8 in the absence of an active T285 site, and by the higher affinity of the Cin8-T285A mutant to the spindle MTs. At intermediate anaphase spindle lengths of 4-5 lm, the spindle localization of the S493A mutant also increased, as compared to what was seen with short anaphase spindles ( Fig. 4b; Fig. S4B ). This pattern was likely caused by phosphorylation of S277, which caused the release of Cin8 from the near-SPB region and by the higher affinity of the Cin8-S493A mutant for the spindle MTs.
Our results indicate that phosphorylation at S277 and S493 caused release of Cin8 from the near-SPB region and that phosphorylation of T285 and S493 sites caused release of Cin8 from the spindle MTs (Fig. 4) . To confirm these conclusions, we examined the spindle localization of Cin8 variant in which S277 and S493 were mutated to the negatively charged phospho-mimic aspartic acid (D) and Spindle lengths categories are indicated on the right. Cin8-3GFP fluorescence intensity parallel to the spindle was measured starting at the mother cell, and divided to 100 points of equal length. The fluorescence of the background was subtracted from the Cin8-3GFP fluorescent signal, followed by normalization to the total integral of the Cin8-3GFP fluorescence signal. The signal for each mutant is compared to that of wt Cin8, indicated on top. Black arrows indicate intensity peaks at the SPBs while arrowheads point to intensity peaks at the midzone. The spindle length ranges are: a 3.0-3.9 lm; b 4.0-4.9 lm; c 5.0-5.9 lm; d 6.0-6.9 lm. For each length-segment, the average fluorescence intensity (±SEM) was determined for 14-20 cells. (a) Significance compared to wt Cin8. (b) Significance compared to Cin8-3A. ***P \ 0.0005 T285 contained a phospho-deficient mutation to alanine (Cin8-DAD). Indeed, in anaphase spindles, this mutant exhibited extensive diffuse localization, with almost no binding to the near-SPB region, and remained bound to the midzone region (Fig. 5) . Consistently, variant of Cin8 containing a phospho-mimic mutation at T285 and phospho-deficient mutations at S277 and S493 (i.e., Cin8-ADA) exhibited concentrated localization to the near-SPB region, as well as to interpolar and midzone MTs, yet showed almost no release from the spindle (Fig. 5) .
Line-scan analysis along the spindle allowed us to compare the spindle attachment of the different mutants. To quantify differences in the detachment from anaphase spindles, we performed analysis of the Cin8 fluorescent signal along a line perpendicular to the spindle and close to the SPBs (Fig. 6) . In this analysis, we did not take into account the signal at the middle of the fluorescence profile since this signal most likely resulted from the fluorescence of Cin8-3GFP attached to the near-SPB region and/or the spindle MTs (Fig. 6a) . By this method, we only quantified the fluorescent signal of Cin8 that was diffusely localized to the nucleus following its detachment from the spindle (Fig. 6a) . Such analysis was performed as a function of time following the onset of anaphase, using time-lapse images of spindle elongation measurements in cells expressing 3GFP-tagged phospho-variants of Cin8 (Fig. S5A ), which were also used to calculate the rate of anaphase spindle elongation (Table 1) . We first compared the detachment of wt Cin8 and Cin8-3A in mother and bud cells (Fig. 6b) . As expected, wt Cin8 fluorescence in the nucleus increased with time, peaking some 12 min following the onset of anaphase. The subsequent decrease in Cin8 fluorescence was likely due to degradation of the protein at later stages of anaphase [72] . We also found that Cin8 fluorescence in the nucleus of the mother cells was significantly higher than in the bud cells, consistent with increased Cdk1 phosphorylation of Cin8 in the mother cell (Figs. S1 and S2). The nuclear fluorescent signal of the phospho-deficient Cin8-3A mutant was significantly lower than that of wt Cin8, yet similar in the mother and bud cells (Fig. 6b) . This result further supports the notion that the increased diffuse localization of Cin8 in the mother nucleus was dependent on Cdk1 phosphorylation.
Since our data indicated that the phosphorylation-dependent release of wt Cin8 was more pronounced in the mother than in the bud cell (Fig. 6b) , we next compared Fig. 4 . The x-axis represents spindle length normalized to 100 length-segments and the y-axis represents Cin8-3GFP fluorescence intensity after the background was subtracted, followed by normalization to the total integral of the Cin8-3GFP fluorescence signal. For each length-segment, average fluorescence intensity (±SEM) was determined for 18-20 cells
release of the single phospho-deficient mutants from the spindle in mother cells (Fig. 6c) . We found that the Cin8-S277A mutant exhibited the lowest degree of release from the spindle, since its signal in the nucleus was lower than that of wt Cin8 throughout the duration of anaphase (Fig. 6c, top) . However, at later time points during anaphase, the release of this mutant from the spindle was significantly higher than that of the Cin8-3A mutant (Fig. 6c , top, gray frame), indicating that phosphorylation of T285 and/or S493 partially contributed to the release of Cin8 from the spindle. Release of the Cin8-T285A mutant into the nuclei was delayed, relative to that of wt Cin8, but reached wt Cin8-like levels at later stages of anaphase (Fig. 6c, middle) . This delay is consistent with the increased attachment of the Cin8-T285A mutant to the MTs in 4-6 lm-long intermediate anaphase spindles (Fig. 4b, c) , supporting the notion that phosphorylation at this site regulates the attachment of Cin8 to MTs in early mid anaphase. Finally, the nuclear localization of the Cin8-S493A mutant was lower than that of wt Cin8 during middle anaphase (Fig. 6c, bottom) , suggesting a partial influence of phosphorylation at this site on the detachment of Cin8 from anaphase spindle MTs. Cin8 was found to play crucial roles in spindle assembly and anaphase spindle elongation [2, 11, 13, 15, 18] . Thus, we considered how the phosphorylation of different sites affected Cin8 function during critical stages of spindle dynamics ( Fig. 7; Fig. S5 ; Table 1 ). Since Cin8 was found to be synthetically lethal with the overlapping kinesin-5 Kip1 and the midzone-organizing Ase1 [63] , we first examined viability of cells carrying double chromosomal deletions of cin8Dkip1D and cin8Dase1D and covered by a plasmid expressing wt and phospho-variants of Cin8 (Fig. 7a) . We found no difference in the viability of cells expressing the Cin8 phospho-variants in these cells (Fig. 7a top and bottom, respectively) , indicating that the major overlapping functions of Cin8 and Kip1 and Cin8 and Ase1 are not affected by phosphorylation in the catalytic domain of Cin8. Since it was demonstrated that the viability of cells expressing Cin8 mutants as sole source of kinesin-5 function closely correlated with the ability of these mutants to assemble mitotic spindles [2, 14] , we concluded that the lack of phosphorylation of individual Cdk1 sites in the catalytic domain of Cin8 did not interfere with the spindle assembly function of Cin8. Examination of spindle morphology distribution in budded cells (Fig. 7b) revealed that cells expressing the Cin8-S277A mutation accumulated with pre-anaphase spindles (Fig. 7c) , indicating that the onset of anaphase was delayed in these cells.
We have also shown here that in short anaphase spindles, spindle attachment of the Cin8-S277A mutant was lower than that of the wt Cin8 and the Cin8-3A mutant ( Fig. 4a;  Fig. S4A ). Thus, the delayed entry of cells expressing the Cin8-S277A mutation into anaphase (Fig. 7c ) may be an outcome of insufficient SPB-separation caused by the reduced amount of the Cin8-S277A mutant on the spindle/ midzone MTs, compared to the other phospho-variants of Cin8. Alternatively, expression of the Cin8-S277A mutant could transiently activate the spindle assembly checkpoint [73] [74] [75] , delaying the onset of anaphase.
To examine the function of the single mutants during anaphase spindle elongation, we followed their localization by time-lapse analysis and measured spindle elongation rates based on the fluorescent signal of Cin8 at the spindles (Fig. S5) . Spindle elongation of all variants followed typical bi-phasic kinetics [17, 18] (Fig. S5B) , allowing us to determine the average spindle elongation rate from these time-lapse sequences (Table 1) . Consistent with our previous report [56] , we found that the spindle elongation rate in the second phase of anaphase B was faster in cells expressing the Cin8-3A mutant, as compared to cells expressing wt Cin8 (Table 1) . None of the single mutants alone could recapitulate this effect, indicating that phosphorylation at all three sites has overlapping effects on the rate of spindle elongation, likely through regulation of the attachment of Cin8 to the midzone region. Interestingly, in cells expressing only the Cin8-S493A mutant, the spindle elongation rate during the first (fast) phase of anaphase B was significantly slower than in cells expressing wt Cin8 (Table 1) . This effect could result from detachment of Cin8 from the spindle due to the phosphorylation of S277 and T285 or from the slower MT-sliding activity of the Cin8-S493A mutant.
The serine at position 277 also fits the TURK consensus sequence RxxS which was reported to be specific for phosphorylation by the Dbf2/Dbf20 kinase (Fig. S6A) , whose activity is important in the mitotic exit network (MEN) pathway [76] . Moreover, it was reported that like Cin8-S493A **0.65 ± 0.05 (10) 0.23 ± 0.02 (10) **26 ± 1 (10)
Averages ± SEM of elongation rates during the fast and the slow phases and the time before spindle disassembly are presented. * P \ 0.05, ** P \ 0.005 and *** P \ 0.0005, as compared to wt Cin8. In cells expressing the single mutants, the time before spindle disassembly is significantly longer than in cells expressing wt Cin8 or Cin8-3A Three Cdk1 sites in the kinesin-5 Cin8 catalytic domain coordinate motor localization and… 3403
Cin8 S277, one of the Cdk1 sites of the spindle-positioning protein Kar9 also fits the consensus for recognition by the Dbf2/Dbf20 kinase, which is involved in the regulation of Kar9 MT localization [77] . Thus, we performed experiments to examine the effect of mutation in the Dbf2/20 consensus on the localization of Cin8 to anaphase spindles (Fig. S6) . For this purpose, we examined the function and localization of the Cin8-R274A mutant in which a critical arginine residue in the Dbf2/Dbf20-consensus sequence was mutated to alanine. A similar mutation was previously shown to abolish phosphorylation by Dbf2/Dbf20 [78] . We found that this mutation did not affect the viability of cells when expressed as a sole source of kinesin-5 function (Fig. S6B) , exhibiting similar spindle localization during anaphase as did wt Cin8 (Fig. S6C) and translocated from the near-SPB region to spindle MTs in early anaphase (Fig. S6D, top panel) . These results indicate that the lack of translocation of the Cin8-S277A mutant from the near-SPB region to spindle MTs in early anaphase (Fig. 4a) and release from the spindle at late anaphase (Fig. 2a) did not result from a lack of phosphorylation by Dbf2/Dbf20. These results further support the notion that phosphorylation by Cdk1 at the S277 site governs the localization of Cin8 to the spindle during anaphase spindle elongation. In summary, our analysis reveals that each one of the Cdk1-specific sites in the catalytic domain of Cin8 control its attachment to and detachment from anaphase spindles in a unique manner, with the S277 site exerting the strongest effect on Cin8 localization to anaphase spindles.
Discussion
In this study, we quantitatively characterized the effects of multiple Cin8 phosphorylation at the three Cdk1 sites located in the motor domain of the protein and demonstrated distinct functions for each site. We showed that phosphorylation of Cin8 affects two separate aspects of Cin8 localization to the spindle during anaphase. First, phosphorylation affects the release of Cin8 from the near-SPB region and its relocation to interpolar MTs. Prior to the onset of anaphase, when Cin8 is dephosphorylated [56] , the majority of Cin8 accumulated near the SPBs, with only a small amount being located on interpolar MTs. However, following the onset of anaphase, localization of wt Cin8 at the SPBs decreased, while on interpolar MTs, Cin8 levels increased (Figs. 2, 3, 4 ; Figs. S1, and S3-S4). This shift was abolished with the phospho-deficient mutant Cin8-3A, indicating the importance of Cin8 phosphorylation for this relocation event (Fig. 4; Fig. S4 ). Second, and consistent with a previous report [56] , we showed that phosphorylation of Cin8 caused its release from interpolar MTs and from the midzone (Figs. 2, 4; Fig. S4 ). We further showed that phosphorylation at the three Cdk1 sites in the motor domain of Cin8 differentially affected these two aspects of phospho-regulation.
In spite of the fact that the three Cdk1 sites, S277, T285 and S493, undergo similar phosphorylation in vitro (Fig. 1) , their role in regulating Cin8 function during anaphase in cells is different. A phospho-deficient mutant at the S277 site, exhibited significantly reduced translocation from the near-SPBs region to spindle MTs throughout anaphase, similarly to the phospho-deficient mutant Cin8-3A (Figs. 2iii, 4 ; Figs. S1 iii and S4). Consequently, this mutant also exhibited reduced detachment from the nearSPBs region (Fig. 6c) , indicating that phosphorylation at this site serves as a major regulator of Cin8 spindle localization during anaphase and is likely to undergo phosphorylation prior to such modification at the T285 and S493 sites. S493, which is conserved in most kinesin motors, also contributes to regulating Cin8 localization and appears to undergo phosphorylation mainly during early to mid-anaphase. In 3-4 lm-long spindles in early anaphase, phosphorylation at S493 affected the release of Cin8 from the near-SPB region (Fig. 4a, right) . At mid-anaphase, when spindles are 4-5 lm long, phosphorylation at this site contributed to Cin8 detachment from midzone MTs ( Fig. 4b; Fig. S4B ). In contrast to S277 and S493, phosphorylation at T285 site mainly affected the affinity of Cin8 to interpolar MTs in intermediate spindles 4-6 lm in length (Fig. 4b, c, 5; Fig. S4B, C) . Thus, we demonstrated here that phosphorylation of S277 and S493 causes release of Cin8 from the SPBs, while phosphorylation of T285 and S493 releases Cin8 from the midzone (Figs. 4, 5; Fig. S4 ). It is possible that cooperation between the phosphorylation of the different sites (i.e. S277 and T285 and/or S277 and the S493) produces the overall effect of phospho-regulation of the localization to and detachment from the anaphase spindles.
The differential effects and timing of phosphorylation of the different sites likely result from the positions of the different sub-domains in which these sites are located. Based on sequence alignment, the S277 and T285 sites are located within loop eight, while the S493 site is located in loop fourteen of the catalytic domain of kinesin motor proteins [66] . It was previously demonstrated that upon integration with MTs, loop eight of kinesin motors faces the MT lattice, while loop fourteen is located away from the MT lattice, in the vicinity of the ATP-binding P-loop [79] . The large distance between these two regions may result in differential accessibility to Cdk1 prior to and during anaphase. Moreover, prior to metaphase-to-anaphase transition, Cin8 accumulates in clusters near the SPBs (Fig. S3) . This clustering can be induced by specific interaction between Cin8 tetramers, as recently suggested by us [69] , or between Cin8 and another, yet unidentified protein leading to the exposure of S277 to phosphorylation by Cdk1 to a greater extent, as compared to the other sites. Similarly, at the midzone, Cin8 interaction with the MTs or with other spindle-binding factors, such as the midzoneorganizing Ase1 [64] , can also be differentially affected by phosphorylation at the different sites, depending on their spatial accessibility. A mechanism of differential regulation by phosphorylation of different sites by a specific kinase was previously demonstrated for the kinesin-13 MCAK from X. laevis, phosphorylated by the mitotic Aurora B kinase at three sites that control its function and localization [44] [45] [46] . Phosphorylation of one of these sites in MCAK yields stronger phenotypes than elicited by the others. Moreover, each site is phosphorylated at different stages of the cell cycle and at different locations in the cell [80] . Similarly, we demonstrated that S277 plays a dominant role in Cin8 regulation. Of the two sites located in a large insert in Cin8 loop eight, S277 site is conserved within fungi, which divide via ''closed mitosis'' and contain inserts in loop eight, like Cin8 [62] . Therefore, we suggest that the phospho-regulation of Cin8 S277 may have evolved to support fungal kinesin-5 motor activity in ''closed mitosis''.
Previous reports demonstrated that Cin8 is a bidirectional kinesin that can switch its directionality under various experimental conditions [67, 68, 81, 82] . Recently, we proposed a physiological role for this motility characteristic whereby, prior to spindle assembly, the minus-end-directed motility of Cin8 is required for accumulation of Cin8 in clusters near the SPBs. Such clustering promotes the capture and sliding apart of antiparallel MTs emanating from the neighboring SPB, which is essential for bipolar spindle formation [69] . We have also previously demonstrated [56] that in cells with short pre-anaphase spindles, Cin8 is dephosphorylated by the PP2A Cdc55 phosphatase [83] . Based on the current results, we propose that dephosphorylation of Cin8 prior to anaphase by PP2A
Cdc55 is important for Cin8 accumulation near the SPBs, for spindle assembly and attachment to interpolar MTs and for maintenance of the bipolar spindle structure [56] . Following the onset of anaphase, the sister chromatid-separating protease separase [84] down-regulates the PP2A Cdc55 phosphatase [83] . This decrease in PP2A
Cdc55 activity may allow partial phosphorylation of Cin8 by Cdk1 at S277, followed by phosphorylation at S493, which subsequently causes Cin8 release from the near-SPB region (Fig. 8) . It has also been demonstrated [56, 85] that Cin8 is a target for the Cdc14 phosphatase, which is released during early anaphase by the FEAR pathway [86, 87] . The phospho-deficient Cin8-3A mutant was shown to suppress the requirement for Cdc14 and the polo kinase Cdc5 during anaphase spindle elongation [85] . Since we have shown that dephosphorylation at T285 and S493 induced the attachment of Cin8 to spindle MTs (Fig. 4) , we propose that Cdc14 phosphatase targets these sites in early mid anaphase to promote Cin8 attachment to the spindle MTs, thus allowing proper spindle elongation. We further propose that at the onset of anaphase, the balance between the phosphorylation/dephosphorylation activities of Cdk1/Cdc14 allows release of Cin8 from the near-SPB region and promotes its attachment to spindle MTs (Fig. 8) . Furthermore, since transcription of Cin8 is likely to continue throughout anaphase, the Cdk1/Cdc14 activity balance is important for targeting newly transcribed Cin8 to the spindle in early anaphase. Finally, we have previously demonstrated that Cin8 is differentially phosphorylated in late anaphase and that such phosphorylation is abolished by the phospho-deficient mutation Cin8-3A [56] . It was also previously shown that at mid-late anaphase, when the nuclei are separated, Cdc14 is depleted from the midzone region [88, 89] . Thus, at this stage, Cin8 can be phosphorylated by residual Cdk1 activity near the midzone or by another kinase at the midzone, causing its detachment from midzone MTs.
The MT-binding spindle midzone-organizing protein Ase1 [63, 90] was previously shown to affect the spindle localization of Cin8 [64] . In early anaphase, Cin8 localization to the midzone was shown to be induced by dephosphorylation of the Ase1 Cdk1 sites [64] . Based on the results presented here, we further propose that the local balance of Cdk1/Cdc14 activity during anaphase precisely regulates the phosphorylation states of Cin8 and Ase1 and hence, the interaction and function of these proteins. A similar mechanism has been demonstrated for kinesin-6 and Ase1 in fission yeast [91] .
The relationship between the spindle localization of Cin8 and its contribution to SPB-separation during anaphase is not clear. On the one hand, it has been demonstrated that in cells lacking Cin8, the rate of the first fast phase of anaphase B was significantly reduced, relative to what is seen in parent strain cells [18] . The expression of a Cin8 mutant defective in its MT-binding ability [11] produced a similar effect [17] . These results indicate that binding of Cin8 to midzone MTs increases the rate of spindle elongation. On the other hand, it has been demonstrated that enrichment of Cin8 at the spindle midzone in chromosome passenger complex mutant cells slows down anaphase B spindle elongation, suggesting that Cin8 serves as a brake during anaphase B in these cells [92] . In higher eukaryotes, kinesin-5 motors have also been suggested to function as a brake, slowing down spindle elongation during anaphase B [93, 94] . Consistent with a previous report [56] , we showed that in late anaphase cells, the phospho-deficient Cin8-3A mutant is specifically enriched in the midzone (Figs. 2i, ii, 4d ; Fig. S1i , ii, yellow arrowheads) and the rate of anaphase is faster than in parent strain cells (Table 1) . These results indicate that the binding of Cin8 at the midzone induces anti-parallel sliding and contributes to an increased elongation rate. However, in early mid anaphase (spindle length, 4-5 lm), the increased levels of attachment of the Cin8-T258A and Cin8-S493A mutants to the spindles (Fig. 4b) did not result in increased rates of spindle elongation (Table 1) . Based on this observation, we speculate that a minimal amount of Cin8 binding is required to drive efficient elongation in anaphase B, yet beyond this level of binding, no further acceleration of elongation occurs. Interestingly, Cin8-S493A was the only variant that exhibited significantly reduced spindle elongation rates during the first phase of spindle elongation (Table 1) , which implies that phosphorylation of S493 regulates the kinetic properties of Cin8.
To summarize, we propose that phosphorylation of the three Cdk1 sites in the Cin8 motor domain regulates and coordinates both the localization of Cin8 at the anaphase midzone/spindle MTs and the activity of Cin8. This complex phospho-regulation, together with contributions from other factors [92] , governs SPB separation and spindle elongation during anaphase.
Materials and methods

In vitro phosphorylation assay
In vitro phosphorylation assays were performed as previously described [56] . In brief, bacterially expressed Cin8 (590)-TEV-EGFP-6His variants were purified using [83] , resulting in its accumulation at near-SPBs regions [69] . b In early anaphase, PP2A
Cdc55 is inactivated by separase [83] and the local balance of Cdk1/ Cdc14 near the SPBs favors Cdk1. Cin8 undergoes partial phosphorylation at the S277 site, causing Cin8 release from near-SPB sites and its relocation to spindle MTs. c During early mid anaphase, S277 and S493 undergo phosphorylation, causing additional relocation of Cin8 from the SPBs to the midzone. Release of the Cdc14 phosphatase by the FEAR pathway [87, 89] likely shifts the local Cdk1/Cdc14 balance at the midzone towards Cdc14, keeping Cin8 (and Ase1, not shown) mainly dephosphorylated at the T285 and S493 sites. This promotes Cin8 attachment to midzone MTs allowing spindle elongation during the first, fast phase of anaphase B. d In late anaphase, Cin8 is detached from the midzone and SPBs as a result of phosphorylation at all three sites in the motor domain [56] Three Cdk1 sites in the kinesin-5 Cin8 catalytic domain coordinate motor localization and… 3407 standard nickel affinity chromatography, with elution being accomplished with 300 mM imidazole that was subsequently removed using Zeba Spin Desalting Columns 40 K (Thermo Scientific). For a phosphorylation assay, equal concentrations of Cin8 variants were mixed with TAPpurified Clb2-Cdk1-Cks1 complex in kinase assay mixture [50 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl 2 , 8% glycerol, 0.2 mg/mL BSA, 500 nM Cks1 and 500 lM ATP (with added c-32 P-ATP (PerkinElmer)]. Reactions were stopped after 10 and 20 min with SDS-PAGE sample buffer and proteins were separated by SDS-PAGE. Gels were stained with Coomassie Brilliant Blue (CBB) R-250 (Sigma) and incorporation of 32 P into the proteins was visualized by autoradiography.
Live cell imaging
The S. cerevisiae strains and plasmids used in this study are described in SI Tables S1 and S2. Live cell imaging was performed as previously described [16, 17, 56] . Cells were grown overnight in medium lacking uracil and tryptophan. Two hours prior to imaging, the cells were diluted tenfold. Images were acquired using a Zeiss Axiovert 200 M-based microscope setup equipped with a cooled CCD Andor Neo sCMOS camera. Images of Z stacks of eleven planes were obtained in three channels with 0.5 lm separation. Timelapse images were obtained using a Zeiss Axiovert 200 Mbased Nipkow spinning-disc confocal microscope (UltraView ESR, Perkin Elmer, UK) with an EMCCD camera. Z stacks of 32-36 slices with 0.2 lm separation were acquired at one minute intervals for 70 min. Data analysis was performed using MetaMorph (MDS Analytical Technologies) and open source ImageJ software. Spindle elongation rates were determined as previously described [56] . The time between spindle elongation onset and the collapse of the spindle (i.e. disappearance of the midzone and decrease of the distance between the spindle poles) was considered as the time of spindle disassembly.
Analysis of fluorescence intensity distribution along the spindle
Line scan analysis parallel to the spindle was employed to quantify the distribution of 3GFP-tagged Cin8 variants and Spc42-tdTomato along the mitotic spindles, as previously described [71] . The fluorescence intensity profile was determined along a line tracing the spindle from mother to bud SPB. Corresponding bright field images were used to confirm mother-bud location (as shown in Fig. S1 ). For each mitotic spindle, the edges of the spindle were determined by the first and last intensity peaks of Cin8-3GFP fluorescence intensity or Spc42-tdTomato, representing the mother and bud SPBs, respectively. The background signal was calculated by averaging the intensity outside the nucleus and subtracted that value from the fluorescence intensity measured at each point. Finally, intensity was interpolated and divided into 100 segments of equal length using Origin (OriginLab) software. Normalization of the Cin8-3GFP fluorescent signals was performed by dividing the intensity at each point by the total Cin8-3GFP fluorescence intensity at each spindle (Figs. 4, 5b; Fig. S6D ) or by the maximal fluorescence intensity of Cin8-3GFP at each spindle ( Fig. 3; Figs. S3B and S4 ). The average intensity was calculated for each length-point for 10-20 cells. To calculate the relative averaged intensity at the midzone, as in Figs. 3c and 4 , the intensity of the normalized interpolated data was averaged between three points at the middle of the spindle length (i.e. points 49, 50 and 51 out of 100 interpolated points along the spindle length) for 10-20 cells. Statistical significances between the averages were determined by Student's t test.
Analysis of fluorescence intensity distribution perpendicular to the spindle
Line scan analysis perpendicular to the spindle was performed to quantify the detachment of Cin8 variants from the spindle during anaphase. First, the Cin8-3GFP fluorescence profile was measured along a line of 41 pixels (7.38 lm), drawn perpendicular to the spindle. The center of this line was set 2 pixels towards the midzone from a point of highest intensity, usually near the SPB (Fig. 6a) . The intensity of the different regions along the line was categorized as follows: Twelve outer pixels on each side were assigned as background (Fig. 6a, burgundy rectangle) . The intensity of 5 pixels in the center of the line was assigned as the intensity near the SPB or the spindle and was not considered in calculating Cin8 detachment (Fig. 6a, yellow rectangle) . The intensities of pixels 12-18 and 23-29 were considered as the intensity resulting from Cin8-3GFP being localized in the nucleus due to its detachment from the spindle (Fig. 6a, green rectangle) . Following subtraction of the background, the intensity along the line perpendicular to the spindle was normalized to the highest intensity value, usually observed near the SPB. Then, the intensity of Cin8-3GFP detached from the spindle (pixels 12-18 and 23-29) was averaged as a function of time for each cell. Finally, at each time point, the average nuclear Cin8-3GFP intensity in all cells expressing the same variant (9-12 cells) was calculated. Statistical significances between the averages were determined by Student's t test.
Yeast viability test
The viability of cells expressing the phospho-variants of Cin8 as a sole source of kinesin-5 function was performed as previously described [56, 81] . Yeast strains used for this assay were deleted for chromosomal copies of CIN8 and KIP1 or CIN8 and ASE1, and contained a recessive cycloheximide resistance gene and an initial plasmid encoding wt Cin8 and conferring cycloheximide sensitivity (plasmid pMA1208). As a result, this strain is sensitive to cycloheximide. After transformation with plasmids encoding Cin8 variants, the initial plasmid encoding wt Cin8 was shuffled out by growth on cycloheximide-containing medium. Prior to plating, cells were diluted to 0.2 O.D. k = 600 nm (approximately 2.55 9 10 6 cells/mL). Then, additional serial dilution was performed for plating (1:1, 1:10, 1:10 2 , 1:10 3 , 1:10 4 ). Cells were grown on YPD medium containing 7.5 lg/mL cycloheximide for 3-4 days, at 26 and 37°C.
Immunostaining
Immunostaining of the strains used in yeast viability assay was carried out as previously described [11, 95] . Following transformation with CEN plasmid expressing a particular phospho-variant, plasmid pMA1208 was shuffled out on YPD medium containing 7.5 lg/mL cycloheximide. A yeast culture at logarithmic growth phase (O.D. k = 600 nm up to 0.2) was pelleted from liquid medium and fixed in 3.7% formaldehyde in phosphate-buffered solution (PBS; 40 mM K 2 HPO 4 , 10 mM KH 2 PO 4 , 0.15 M NaCl). Fixed cells were digested with zymolyase at 30°C for 30 min (1.2 M sorbitol, 0.1 M KH 2 PO 4 , pH 7.5, 25 mM 2-mercaptoethanol, 50 lg/mL zymolyase 100T) and resuspended in PBS containing 0.1% BSA (PBS/BSA). Next, the cells were applied to polylysine-coated slides, washed with PBS/ BSA, fixed in methanol and acetone at -20°C and washed with PBS/BSA. MTs were labeled with monoclonal antitubulin rat YOL 1/34 IgG (Molecular Probes), as previously described and visualized with goat anti-rat IgG conjugated to Alexa 488 (ABD Serotec). DNA was visualized by washing the slides with PBS/BSA containing DAPI (1 lg/mL in PBS/BSA) for 5 min. The slides were mounted with p-phenylenediamine (1 mg/mL pphenylenediamine in PBS, pH 9, 90% glycerol), and images were obtained using a Zeiss Axiovert 200 M-based microscope setup, as above. For each phospho-variant, the spindle and cell shape morphologies of 300 cells were categorized and counted. The percentages of the different spindle/cell shape categories were determined as a percentage from the total number of budded cells (150-200 budded cells in each experiment for each variant). Mitotic spindles were categorized by lengths and shape, and classified as monopolar, pre-anaphase (up to 2 lm in length), anaphase intermediate (2-5 lm in length) and anaphase long (5? lm in length) spindles. Statistical analysis was based on three experiments.
